Investigations in this laboratory on the mechanism of squalene synthesis from mevalonic acid have proceeded along two lines: (1) certain structural features of the "isoprenoid" condensing unit have been defined by experiments using heavy hydrogen as a tracer, and (2) yeast extracts have been fractionated with the aim of accumulating intermediates between MVA1 and squalene. The experiments with D202 and T-labeled MVA1 have led to the principal conclusions that the new carbon-carbon bonds between two isoprenoid units are formed by the interaction of two methylene groups and that the carboxyl groups of MVA are probably removed in a concerted process with simultaneous elimination of the tertiary hydroxyl groups. As to the requirements for the over-all process, it could be shown that in yeast extracts the co-factors for squalene synthesis from MVA are ATP, Mn++, and reduced pyridine nucleotide. To account for the requirements of ATP and manganese, the formation of phosphorylated intermediates was postulated.3 The subsequent demonstration of an enzyme system that catalyzes the reaction MVA + ATP --phospho-MVA + ADP confirmed this hypothesis.4
Investigations in this laboratory on the mechanism of squalene synthesis from mevalonic acid have proceeded along two lines: (1) certain structural features of the "isoprenoid" condensing unit have been defined by experiments using heavy hydrogen as a tracer, and (2) yeast extracts have been fractionated with the aim of accumulating intermediates between MVA1 and squalene. The experiments with D202 and T-labeled MVA1 have led to the principal conclusions that the new carbon-carbon bonds between two isoprenoid units are formed by the interaction of two methylene groups and that the carboxyl groups of MVA are probably removed in a concerted process with simultaneous elimination of the tertiary hydroxyl groups. As to the requirements for the over-all process, it could be shown that in yeast extracts the co-factors for squalene synthesis from MVA are ATP, Mn++, and reduced pyridine nucleotide. To account for the requirements of ATP and manganese, the formation of phosphorylated intermediates was postulated. 3 The subsequent demonstration of an enzyme system that catalyzes the reaction MVA + ATP --phospho-MVA + ADP confirmed this hypothesis.4
Phospho-MVA (P-MVA) is efficiently converted to squalene and appears to be the first product in the over-all transformation. Evidence has been presented that P-MVA is a phosphate ester4 and, as will be shown later, can be assumed to be 5-phosphomevalonic acid. We have also reported briefly6 that ATP is still required for the further metabolism of P-MVA, suggesting the existence of additional phosphorylation steps. We now wish to describe a second and a third phosphorylated intermediate (II and III) which are formed during the conversion of MVA to squalene. MVA used in later experiments was synthesized by H. Rilling according to Cornforth et al.7 ATP32 was prepared by incubation of rat liver homogenates with AMP and radioactive inorganic phosphate8 and purified by chromatography.9 C'4-ATP, labeled in the adenine moiety, was kindly provided by Dr. Paul Zamecnik. Samples of P32-MVA, 1-C'4-P-MVA, and 2-C'4-P-MVA were prepared by incubation of the appropriately labeled MVA with ATP (or ATP32) and Mn++ in the presence of MVA kinase.8 This enzyme was prepared as described later.
Methods.-The solvent system used for the chromatographic separation of MVA derivatives was t-butanol-formic acid-water (40:10:16). The chromatography. The radioactive areas were located by counting in an Actigraph (Nuclear, Chicago). When necessary, the radioactive areas were eluted with water and rechromatographed. Samples containing both C14 and p32 were counted in a gas-flow counter both without and with an aluminum window, which reduced the counting efficiency for C14 to 0.05 per cent and for p32 to 50 per cent.
The decarboxylation of 1-C'4-MVA derivatives was followed by trapping evolved CO2 and counting it as BaCO3. For stability studies, samples of compounds II and III were heated in 1 N HC1 or 1 N KOH for 10 minutes in a boiling water bath. Samples that had been treated with alkali were acidified by addition of Dowex-50-H+. All samples were evaporated to dryness in vacuo and chromatographed.
RESULTS AND DISCUSSION
Following the isolation of P-MVA, it was demonstrated that this phosphate ester is converted to squalene4 but that ATP and Mn++ or Mg++ are still necessary VOL. 44, 1958 999 for this conversion ( Table 1 ). The same ATP dependence is observed for the decarboxylation reaction as measured by the release of C1402 from 1-C14-P-MVA (Table 2 ). This clearly indicated that further phosphorylations occur during the transformation of P-MVA to squalene. To demonstrate the suspected phosphate esters, P-MVA was incubated with enzyme VIII, ATP, and Mn++ for various time periods, and the products separated by chromatography. The results are shown in Figure 1 . As P-MVA is being consumed, two new peaks appear, one less mobile (II) and the other more mobile (III) than P-MVA. After short periods of incubation, only II accumulates, indicating that it is the precursor of III. After longer incubation, two additional, even faster-moving peaks (IV and V) are observed, but these have not been further investigated. In order to characterize compounds II and III, a series of experiments were carried out, using 1-C'4-P__ MVA, 2-Cl4-P-MVA, 2-C14-P32-MVA, and P32-MVA as substrates, and unlabeled ATP as well as C14-and P32-labeled ATP as co-factors. By combining various labeled substrates and labeled or unlabeled ATP, the following properties of compounds II and III were established:
1. When either P32-MVA or 2-C14-P-MVA are the substrates, both compounds II and III appear on the chromatograms.
2. When 1-Cl4-P-MVA is used, only II, but not III, is observed, regardless of the length of incubation. Compound III therefore lacks the carboxyl group of MVA, which is in line with the observation that fraction VIII also catalyzes the decarboxylation of 1-C14-P-MVA. are found to contain p32 and C14 in the same ratio as the starting material (expt. 1, Table 3 ). The phosphate group of P-MVA is therefore retained in both products. 5 . When 2-C14-P-MVA was incubated with ATP32, compounds II and III contained p32 as well as C14; in both compounds the molar ratio of the two isotopes was again close to unity (expt. 2, Table 3 ). Therefore, in the conversion of P-MVA to II and III, a new phosphate group is incorporated from ATP. Since it has already been established that both intermediates retain the phosphate of P-MVA, it must be concluded that they contain two phosphate residues per molecule.
6. When carboxyl-labeled II is incubated with the enzyme, radioactive CO2 is produced. Under the same conditions C2-labeled II gives rise to radioactive III, and hence III must be the later intermediate. This sequence is also indicated by the order in which II and III are formed from P-MVA (Fig. 1) . The decarboxylation of II to III requires ATP, which cannot be replaced by ADP. In this step, however, label from ATP (C14 or P12) is not introduced into the product.
7. Both 11 and III are precursors of squalene, ATP being required for the conversion of II but not of III.
Stability. Thus the principal chemical change that is observed on treatment of II or III with acid is the removal of one of the two phosphate residues. The labile phosphate is the one which is introduced in the reaction between P-MVA and ATP. By contrast, the phosphate carried over into II and III from P-MVA is resistant to acid hydrolysis.
The incorporation of C14 and p32 and the acid lability of II and III are interpreted as follows: P-MVA reacts with ATP to form a mevalonic acid derivative (II) with the introduction of another phosphate group. The newly introduced phosphate residue is acid-labile, and, when it is split off, a compound having the same properties as P-MVA is formed. Thus the structure of II differs from that of P-MVA only by the presence of an additional phosphate group. Compound II is converted to III with the elimination of C02, and in this process both phosphate residues are retained. The acid stability of the two phosphate residues in III is the same as in II. Although decarboxylation of II to III requires ATP, none of the elements of the nucleotide are introduced into III during this reaction. 10 As pointed out in the introduction, we have postulated2 that the decarboxylation PROC. N. A. S. reaction is accompanied by the removal of the tertiary hydroxyl group at C3 of MVA, with the formation of a double bond between C2 and C3. It follows from this argument that III, which is a decarboxylation product, no longer contains this tertiary alcohol group. Thus only the primary alcohol function at C5 remains for attachment of the two phosphate groups, and, barring the unlikely alternative that it is a Clo compound with four phosphate residues, III must be the pyrophosphate ester of an unsaturated 5-carbon alcohol. This conclusion is supported by the properties of a product that is formed on removal of the phosphate residues by enzymatic hydrolysis. When C'4-labeled III was incubated with cobra venom as a source of phosphatases and the reaction mixture steam-distilled, a volatile radioactive compound was obtained. After addition of 3-methyl-but-3-ene-1-ol (A3-isopentenol) as carrier, the 3,5-dinitrobenzoyl derivative was prepared and recrystallized. Radioactivity failed to separate from the carrier, indicating that the volatile hydrolysis product of III is indeed A3-isopentenol. 
